Abstract: Alport syndrome (AS) is a hereditary disease that leads to kidney failure and is caused by mutations in the COL4A3, COL4A4, and COL4A5 genes that lead to the absence of collagen α3α4α5 (IV) networks in the mature kidney glomerular basement membrane. Approximately 80% of AS is X-linked because of mutations in COL4A5, the gene encoding the alpha 5 chain of type IV collagen. To investigate the pathogenesis of AS at the genetic level, we generated induced pluripotent stem cells (iPSCs) from renal tubular cells of a patient with AS. The successful iPSC generation laid the foundation to master the repair of the COL4A5 gene and to evaluate the differentiation of iPSC into Sertoli cells and the accompanying epigenetic changes at each stage. The generation of iPSCs from AS patients not only confirms that iPSCs could be generated from renal tubular cells, but also provides a novel type of genetic therapy for AS patients. In this study, we generated iPSCs from renal tubular cells via ectopic expression of four transcription factors (Oct4, Sox2, and Klf4). According to the human embryonic stem cell (hESC) charter, iPSC formation was confirmed by comparatively analyzing hESC markers via colony morphology, immunohistochemistry, qRT-PCR, flow cytometry, gene expression profiling of the three germ layers, and karyotyping. Our results demonstrated that iPSCs were similar to hESCs with regard to morphology, proliferation, hESC-specific surface marker expression, and differentiation into the cell types of the three germ layers. The efficient generation of iPSCs from the renal tubular cells of an AS patient would provide a novel model to investigate the mechanisms underlying AS and to develop new treatments for AS.
Introduction
Alport syndrome (AS) is an inherited disease that results in kidney failure, hearing loss, and ocular abnormality. 1 AS is caused by mutations of the genes encoding the key collagen chains α3, α4, α5, which are necessary for the composition of collagen type IV to form the kidney glomerular basement membrane. 2 Glomerular basement membrane contains an α3, α4, α5, network that is essential for the maintenance of kidney ultrafiltration function. The absence of this network in patients with AS leads to progressive glomerulonephritis. 3 It has been reported that AS is the most common genetic disease in the kidney and that it inevitably leads to end-stage renal disease with a subsequent need for kidney transplantation and dialysis therapy. 4 The diagnosis of AS relies on history, physical examination, immunohistochemical analysis, and histologic studies. However, the diagnosis of AS still relies heavily on histological analysis of renal biopsy samples by using electron microscopy. 5 Because AS is heterogeneous at the clinical and genetic levels, molecular genetics could serve as a powerful tool for submit your manuscript | www.dovepress.com
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chen et al a definite diagnostic workup in patients. 6 Novel therapeutic approaches may eventually provide a treatment or cure for these patients, thereby avoiding the need for transplantation and dialysis.
In this study, we successfully generated induced pluripotent stem cells (iPSCs) from the renal tubular cells of AS patients, which provided an experimental basis to further research the pathogenesis of AS at the genetic level. We used the iPSCs to repair the mutated gene, and we induced the iPSCs to differentiate into Sertoli cells. The iPSCs may thus help to identify the factors important for the regulation of cell differentiation and to develop novel genetic treatments for AS. The generation of iPSCs from systemic lupus erythematosus patients has been reported, 7 and the generation of iPSCs from fibroblasts has also been successfully achieved. 8 Our results not only demonstrate that iPSCs could be generated from cultured human cells with the same characteristics as human embryonic stem cells (hESCs), but also provide a potential method to further research the pathogenesis, diagnosis, and treatment of AS.
Material and methods as family analysis
In our previous research, 9 we identified an AS family that contained three patients and five healthy individuals. The proposita (III2) was female and aged 26 years and was diagnosed with AS at Second Clinical College of Jinan University in 2013. Clinical examination revealed gross hematuria and albuminuria. The pathological examination under light microscopy and electron microscopy confirmed that the nephron of III2 presented pathological changes indicative of AS (Figure 1) . The proposita's grandmother (I2) also suffered from AS and had died of kidney failure. The proposita's mother (II3) had evident AS clinical symptoms, including kidney failure, gross hematuria and albuminuria, sensorineural hearing loss, and pathognomonic ocular lesions. The proposita's sister (III3) also presented mild gross hematuria and albuminuria (Figure 2) . The results of the routine blood examination, urine routine test and blood biochemistry as well as the general information for all family members are listed in Table 1 . To determine whether mutation of the COL4A5 gene was the reason for familial AS, DNA sequence analysis was performed for the entire coding region and exon-intron boundaries of the COL4A5 gene. The sequence analysis identified a novel splicing mutation of c. 1517-I G.T in the COL4A5 gene causing AS (Figure 3) . In our study, we selected three AS patients (III2, III3, and II3) and three healthy individuals (III1, III4, and II4) for evaluation. We used the proposita (III2) as a representative example for generation and characterization of iPSCs. This study was approved by the guidelines of Jinan University, which were in accordance with the Helsinki Declaration for Ethical Principles for Medical Research Involving Human Subjects. The participants also provided informed consent.
Urine collection and cell culture
Before urine collection, the proposita was asked to wash her vulva with soapy water. The external vaginal and urethral openings were subjected to regular disinfection. Further, a urinary catheter was surgically inserted. All operations were performed under a sterile environment. We aseptically collected 200 mL of midstream urine during micturition
E (PASM, ×400) G (Electron microscope, ×8,000) F (Electron microscope, ×8,000) Figure 1 Pathological examination of the kidney by using light microscopy and electron microscopy. and stored it in a sterile beaker that contained 5 mL of penicillin-streptomycin antibiotics. The urine was stored at 4°C in a refrigerator and then subjected to the next step of the experiment within one day. The urine was dispensed into four centrifuge tubes that were centrifuged at 400× g for 100 minutes. There was 5 mL or less of urine in each tube after the supernatant was discarded. The remaining liquid was pooled into centrifuge tubes and 20 mL of phosphate-buffered saline (PBS) that contained 1% double antigens was then added. The mixed liquid was centrifuged at 400× g for 10 minutes, and after the supernatant was discarded, the remaining 1 mL or less of liquid contained the precipitate. The cell suspension was then transferred to 6-well plates coated with 0.1% gelatin and incubated at 37°C under 5% CO 2 for 3 days. During the 3 days, the seeded cells were observed carefully; contaminated cells were discarded and 1 mL of LMM101 medium was added to the remaining cells. The medium was changed when it turned yellow. The supernatant was discarded and the plate was flushed with PBS three times. Further, 2 mL of medium was added to the plate and cell attachment was observed under light microscopy. When visible colonies appeared and internal cell fusion was completed, the urine cells were considered to be successfully cultured; they were then subjected to subculture. The details of the urine cell culture have been described previously. 10 
iPsc generation
We used a lentivirus that contained human complementary DNA (cDNA) encoding Oct4, Sox2, c-myc, and Klf4 to infect urine cells. Human cDNA encoding Oct4, Sox2, c-myc, and Klf4 was cloned into the LeMIE vector, and the lentivirus was used to infect HEK2937T cells (Addgene). We also added polybrene to the medium to increase the infective efficiency. After 24 hours of infection, urine cells were seeded onto a layer of feeder cells. At day 2, the cells were fed with dialyzed fetal bovine serum (DFBS), and the medium culture supernatants were changed every day until day 6. On day 7, the medium was changed to DFBS medium, which was changed daily. We used DFBS medium from day 7 to day 17. At day 18, the medium was replaced with mTesR1 medium, which was renewed daily. At day 21, the colony morphology was identified to be hESC-like. We were able to pick up the colonies, and one clone was allocated to two 96-well plates. One plate was used for alkaline phosphatase (AP) staining of colonies that had a typical morphology, identical to that of hESCs, and the other plate was used to expand the cultures in hESC medium. The details of iPSC generation were described previously. 10, 11 aP staining and immunocytochemistry
Because both iPSCs and hESCs highly express AP, we used AP staining for the preliminary evaluation of iPSCs, which was performed using the AP detection kit ( Millipore). Briefly, we used PBS to wash the colonies three times, after which they were fixed with 4% PFA (phosphate buffered saline) for 2 minutes. The PFA was removed, and the colonies were washed two times with TBST buffer (20 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20). AP buffer was added to the colonies and incubated for 5 minutes. We prepared the AP substrate solution in the dark: 18 µL of NBT (nitroblue tetrazolium) and 28 µL of BCIP (5-Bromo-4-chloro-3-indolyl phosphate) were added 
Flow cytometry analysis
We used flow cytometry to verify the pluripotency of the cells. Approximately 1. 
qRT-PcR analysis of genes iPscs
We used qRT-PCR to evaluate mRNA expression in cells. The gene expression profiles of iPSCs, hESCs, and urine cells were used to determine the identity of the iPSCs. Total RNA was extracted from urine cells, hESCs, and iPSCs according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). The RNA was reverse transcribed to cDNA with mRNA-specific stem-loop-like RT primers. The primers for the genes are listed in Table 2 . Approximately 2.5 ng of cDNA was then used for PCR on a Step One Plus machine. qRT-PCR was also used to confirm the specific endodermal, mesodermal, and ectodermal gene expression of hESCs. The primers for the genes representing the three embryonic germ layers are listed in Table 3 .
Karyotype analysis
Karyotype analysis required approximately 3.5×10
6 cells with cell growth to 75%-85% density. The cells were incubated in a medium supplemented with 0.2 µg/mL colchicine under 5% CO 2 at 37°C for 130 minutes. The cells were then washed with PBS two times. The cells were trypsinized to generate a single cell suspension. After centrifugation at 200× g for 5 minutes, the cells were treated with 7 mL of KCl. The cells were then treated with 0.4% sodium citrate, 0.4% chloratum:kalium at a ratio of 1:1 for 18 minutes at 37°C, and subsequently fixed in cool methanol:acetic acid (3:1) for 3 minutes. After fixation, the cells were resuspended in the fixative. The microslides were dried in a drying oven at 37°C for 3 hours. The chromosomes were stained with 5% Giemsa stain for 10 minutes and observed Table 2 qRT-PcR primers used in the validation assays under a microscope. We first identified the split phase using the low-power lens. Subsequently, we observed the chromosomal alignment under the high-power immersion lens.
Primer name
Sequence (5′-3′) Amplicon length
Oct-FI
TgTTccTgcagTgcccgaaa 109 Oct-F1 TTcTggcgccggTTacagaa Sox2-F1 gaaccaTcTcTgTggTcTTg 316 Sox2-R1 gaTTcTcggcagacTgaTTc Kif4-F1 ccgcTccaTTaccaagagcT 250 Kif4-R1 TggTcagTTcaTcTgagcgg c-myc-F1 acacaTcagcacaacTacgc 159 c-myc-R1 ccTcTTgacaTTcTccTcggT Nanog-F1 TTcTgcTgagaTgccTcaca 322 Nanog-R1 caTTcTcTggTTcTggaacc Lin28-F1 TggggTgTgTTTaTTTgaTgg 96 Lin28-R1 gggaagggaagagTcagcTT SALL4-F1 gacTcacacTggagagaagc 170 SALL4-R1 TTccgTccgTaccTaacaga REX1-F1 cacagTccaTccTTacagagTT 160 REX1-R1 cgTTcagTgccTTcTcTaTg GAPDH-F1 gggaaacTgTggcgTgaT 299 GAPDH-R1 gagTgggTgTcgcTgTTga
Results
generation of iPscs
We used lentiviral vectors that expressed the four pluripotency factors Oct4, Sox2, c-myc, and Klf4 to transduce renal tubular cells (Figure 4 ). At appropriately 7 days of culture, we observed early morphological changes indicative of reprogramming. The cell morphology generally changed from a long shuttle type to a large round type ( Figure 4A-D) . Small cell clusters appeared and became progressively larger each day. On day 14, several colonies with hESC morphology were identified ( Figure 4B ). By day 21, compact colonies were formed ( Figure 4C ). Colonies were picked up and expanded for culture in MEF medium on day 20 as appropriate. At the end of this process, large and round colonies with defined boundaries were clearly observed ( Figure 4D ). The colonies stained positive for AP ( Figure 4F ). The iPSCs could be long-term subcultured in vitro; Figure 4H shows the colonies that were propagated to 12 generations. The colonies that were subcultured had the typical morphology of hESCs. Figure 4E represents primitive renal tubular cell. Figure 4G represents the iPSCs with AS staining.
expression of pluripotency markers in iPscs
Immunocytochemistry confirmed that iPSCs expressed several hESC-specific marker proteins (Oct4, SSAE-4, TRA-1-60, and TRA-1-81). However, the iPSCs were negative for SSAE-1 expression ( Figure 5 ). qRT-PCR analyses of the total cellular RNA further confirmed the expression of pluripotencyassociated genes ( Figure 6 ), including Oct4 (endogenous), Sox2 (endogenous), Klf4 (endogenous), c-myc (endogenous), Nanog, Lin28, SALL4, and REX1. Figure 6 shows that the pluripotency-related genes in iPSCs had a much higher expression than those in tubular cells and a similar expression to those in hESCs. These genes were expressed at almost undetectable levels in tubular cells. The exogenous pluripotency genes were evident in most of the clones. In contrast, the vector transgenes were silenced in derived iPSC clones. We also used flow cytometry to verify cell surface markers, including Oct4, SSEA-4, TRA-1-60, and TRA-1-81. iPSCs highly expressed cell surface markers associated with Oct4, SSEA-4, TRA-1-60, and TRA-1-81 ( Figure 7 ). The expression of the pluripotency-associated genes indicated the successful generation of iPSCs from renal tubular cells. iPSCs possessed the potential to differentiate into cystic embryoid bodies (EBs) in vitro. After adherent culture, the EBs began to spontaneously differentiate into cell types of the three embryonic germ layers, including endoderm, mesoderm, and ectoderm. The expression of genes (AFP, Amylase, c actin, Enolase, NFH, and Sox1) that were expressed by the three embryonic germ layers was verified by qRT-PCR. qRT-PCR detected the specific gene expression of the EBs, endoderm, mesoderm, and ectoderm ( Figure 8 ). In EBs formed at day 18, the endoderm highly expressed the AFP and amylase genes, the mesoderm highly expressed the c actin and enolase genes, and the ectoderm highly expressed the NFH and Sox1 genes. Additionally, the karyotype of iPSCs was identical to that of renal tubular cells. Both these cell types represented the normal karyotype of a female: 46, XX ( Figure 9 ).
Discussion
In this study, we used lentiviruses that expressed Oct4, Sox2, c-myc, and Klf4 to transduce renal tubular cells. After reprogramming, the cells presented the same 
Oct4 (total)
Oct4 (endogenous1) characteristics as hESCs with regard to morphological appearance, marker expression, and differentiation into the three embryonic germ layers. These results demonstrate that the renal tubular cells were reprogrammed and possessed the potential to generate iPSCs. The iPSCs generated from renal tubular cells were maintained for a long duration in vitro and maintained the biological characteristics of hESCs.
All the experimental outcomes indicate that we successfully generated iPSCs from renal tubular cells. These iPSCs could provide a valuable resource for disease modeling and a good human genomic system for future studies investigating the pathogenesis of AS at the genetic level. iPSCs have been a popular subject of global research since Takahashi et al first successfully generated iPSCs from human fibroblasts using defined factors. 12 This approach not only overcame technological barriers, ethical issues, and traditional viewpoints, but also provided genetic information associated with disease pathogenesis, especially for diseases resulting from abnormal embryonic development. 13, 14 The conversion of human somatic cells derived from readily accessible tissue such as skin, blood, and nerve fibers into embryonic-like iPSCs has opened a new perspective for the modeling and understanding of many human pathologies. 15 Currently, iPSC research is focused on numerous diseases, especially genetic diseases such as familiar Alzheimer's disease, Huntington's disease, and Parkinson's disease. [16] [17] [18] In this study, we developed a simple, noninvasive, and acceptable method to generate iPSCs from renal tubular cells, thus providing an ideal cell source for iPSC generation. In contrast to other tissues sources such as skin and blood, which require a traumatic harvesting procedure, urine was easily accessible and was with minimum effort. We believe that renal tubular cells are ideal somatic cells for use in research in the future.
We generated iPSCs from the renal tubular cells of a patient with AS. We found that the culture conditions, choice of medium, and the exogenous induction material were important factors in the iPSC generation procedure. Any error in the procedure could lead to cell death or the failure of differentiation. iPSCs have been mostly generated by introducing Oct4, Sox2, c-myc, and Klf4. However, viral integration into the host genome increases the risk of tumorigenicity. Okita et al researched the generation of iPSCs without viral vectors. The production of virus-free iPSCs may provide a safe alternative in regenerative medicine research. 19 Safe and effective direction of the fate of patient iPSCs has also been shown after administration of synthetic mRNAs. 20 Vitamin C has the ability to improve iPSC generation and maintain hESCs in a blastocyst-like state because vitamin C regulates genes expressing numerous pluripotency factors, thereby increasing their promoter activity and protein levels. 21, 22 In our iPSCs, the induction of iPSCs was based on the introduction of the classical transcription factors Oct4, Sox2, c-myc, and Klf4. We could not confirm whether the generation of iPSCs using this technique would result in 
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chen et al mutation or tumorigenicity, as the study duration was limited. Moreover, we found that iPSC generation was more effective when we added vitamin C to the medium.
Previously, urine cells and kidney mesangial cells were successfully reprogrammed. 23, 24 Our group also generated iPSCs from the urine cells of a patient with systemic lupus erythematosus. 7 The results obtained in the present study by using urine-derived AS iPSCs demonstrate that urine cells are among the most acceptable noninvasive sources of iPSCs, especially for research on genetic diseases.
Patients with AS inevitably present with kidney failure, for which the currently available treatment is either dialysis or kidney transplantation. However, the number of kidneys available for transplantation is limited and the cost of dialysis is high. The application of iPSCs to cell therapy may thus be useful to treat various diseases. iPSCs have the same capability as hESCs to regenerate tissues and even an entire organism. In conclusion, the present study established two novel points. First, we successfully generated iPSCs from the renal tubular cells of an AS patient, thereby laying a foundation to further research the pathogenesis of AS. Second, the iPSCs of the AS patient contained the appropriate genetic background, thus providing a unique platform for studies aimed at both epigenetic analysis and iPSC therapy.
